To examine the early events of the life cycle of human immunodeficiency virus type 1 (HIV-1), we analyzed the intracellular complexes mediating reverse transcription isolated from acutely infected cells. Partial purification of the reverse transcription complexes (RTCs) by equilibrium density fractionation and velocity sedimentation indicated that two species of RTCs are formed but only one species is able to synthesize DNA. Most of the capsid, matrix, and reverse transcriptase (RT) proteins dissociate from the complex soon after cell infection, but Vpr remains associated with the RTC. The RTCs isolated 1, 4, and 7 h after infection are competent for reverse transcription in vitro, indicating that a small proportion of RT remains associated with them. HIV RTCs isolated early after infection have a sedimentation velocity of approximately 560S. Later, different species with a sedimentation velocity ranging from 350S to 100S appear. Nuclear-associated RTCs have a sedimentation velocity of 80S. Shortly after initiation of reverse transcription, the viral strong-stop DNA within the RTC is sensitive to nuclease digestion and becomes protected when reverse transcription is almost completed.
All retroviruses copy the RNA genome to form a doublestranded DNA molecule that is subsequently integrated into the host chromosomal DNA. The process is catalyzed by reverse transcriptase (RT) protein and is mainly carried out in the cytoplasm soon after viral penetration into the cell (30) . Reverse transcription of the viral RNA genome into DNA is generally completed in 8 to 12 h. We have recently characterized the Moloney murine leukemia virus (MoMLV) intracellular viral complex mediating reverse transcription and found that at least three distinct species of reverse transcription complexes (RTCs) are formed shortly after acute infection (7) . Only one of these species is able to start and complete reverse transcription. This RTC contains at least the viral genome, p30 capsid (CA), integrase (IN), and RT proteins, and its sedimentation velocity decreases with time, suggesting that a stepwise uncoating process may occur during reverse transcription.
Little is known about the structure and composition of the human immunodeficiency virus type 1 (HIV-1) RTC, particularly during the early steps after virus internalization. Electron microscopic studies showed that HIV cores are disrupted shortly after virus-cell fusion, in contrast to MLV cores, which persist longer (15, 27) . The viral RNA and associated proteins are then released into the cytoplasm and are likely to interact with the cytoskeleton (1) . At later stages of the viral life cycle, the fully reverse transcribed HIV-1 DNA appears to be associated with RT, IN, and a subset of phosphorylated matrix (MA) but only very weakly with p24 CA proteins (4, 6, 18, 23) .
Specific cellular proteins have also been found to associate with the viral DNA, including those increasing the efficiency of integration of the viral genome in vitro (5) and others preventing self-integration of the viral DNA which would result in an nonproductive infection (19) .
HIV, unlike MLVs, can infect nondividing cells (20, 28) . This ability depends on the active nuclear transport of its genome into the nucleus of infected cells (2) . Although a variety of models have been proposed (3, 12, 13, 17, 32, 35) , there is no consensus on the precise mechanisms regulating nuclear import of HIV (9, 11) . Interactions between the intracellular viral complexes mediating reverse transcription and karyopherins or the nuclear pore complex may play a role (10, 13, 17, 26, 32) . A better characterization of the organization of HIV RTC may advance understanding of the early interactions between virus and infected cells as well as the mechanisms regulating HIV-1 infection of nondividing cells. To examine the dynamics of the early events in the HIV-1 life cycle, we have analyzed detergent-free cytoplasmic and nuclear extracts at various time points after acute infection and characterized the RTCs by equilibrium density fractionation and velocity sedimentation.
MATERIALS AND METHODS

Cells and viruses. 293T and HeLa cells were grown in Dulbecco's modified
Eagle's medium supplemented with 2 mM glutamine and 10% fetal calf serum at 37°C in an atmosphere containing 5% CO 2 . To make replication-incompetent HIV-1 vectors, 5 ϫ 10 6 293T cells were seeded in 100-mm-diameter dishes and transfected the following day by calcium phosphate with 20 g of plasmid pHR' (containing the green fluorescent protein cDNA), 15 g of plasmid pCMV⌬R9, and 5 g of plasmid pMD.G (25) per dish. Culture medium was replaced after 24 h, the virus-containing supernatant was collected 48 h after transfection and filtered through a 0.45-m-pore-size filter. The filtered supernatant was incubated at 37°C for 1 h in the presence of 70 U of DNase I (Boehringer) per ml and 10 mM MgCl 2 . Virus was purified by centrifugation through a 25 to 45% sucrose cushion at 23,000 rpm in a Beckman SW28 rotor for 2 h at 4°C. The sucrose interphase containing purified virions was diluted fivefold in Dulbecco's modified Eagle medium containing 20 mM HEPES (pH 7.4) and frozen at Ϫ80°C. Viral titers were determined by infecting HeLa cells with serial dilution of virus containing supernatant in the presence of Polybrene (8 g/ml). Approximately 36 h after infection, cells were harvested in phosphate-buffered saline (PBS) containing 10 mM EDTA and analysed by fluorescence-activated cell sorting to detect green fluorescent protein expression.
Cell extracts. Approximately 10 7 HeLa cells were infected in 175-cm 2 flasks with 30 ml of 1:1-diluted virus stock (3 ϫ 10 6 CFU/ml) in the presence of Polybrene (8 g/ml). Infected cells were rapidly cooled to 4°C and incubated for 2 h to allow viral adhesion to the cell receptor but not viral internalization. Cells were then incubated at 37°C for 1, 4, 7, and 16 h, washed once in PBS-0.5 mM EDTA, trypsinized, and washed again with PBS. All subsequent manipulations were carried out at 4°C. The pellet containing the infected cells was resuspended in 5 volumes of hypotonic buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 10 mM KCl, 5 mM dithiothreitol [DTT], 20 g of aprotinin/ml, 2 g of leupeptin/ ml) and centrifuged for 5 min at 5,000 rpm in an Eppendorf centrifuge (model 5415C). The pellet was resupended in 3 volumes of hypotonic buffer and incubated for 10 min. Cells were homogenized with 10 to 15 strokes in a Dounce homogenizer, and nuclei and unbroken cells were pelleted by centrifugation at 3,300 ϫ g for 15 min. The supernatant (called cytoplasmic extract) was clarified by centrifugation at 7,500 ϫ g for 20 min, and the pellet was discarded. The nuclear pellet from the previous centrifugation was resuspended in approximately 600 l of isotonic buffer (10 mM Tris HCl [pH 7.4], 160 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 20 g of aprotinin/ml, 2 g of leupeptin/ml) and homogenized in a ball-bearing homogenizer. The homogenate was then centrifuged at 7,500 ϫ g for 20 min, and the supernatant (called nuclear extract) was collected. Nuclear and cytoplasmic extracts were adjusted to 8% sucrose, snap-frozen in liquid N 2 , and stored at Ϫ70°C.
Equilibrium density gradients. Continuous linear sucrose gradients (5 ml) were poured with a two-chamber Hoefer SG gradient maker using 20% sucrose solution in hypotonic buffer and 70% sucrose solution in D 2 O and kept on ice. The pH of D 2 O was adjusted to 7.4 by dropwise addition of 10 mM NaOH. Gradients were overlaid with 0.5 ml of cytoplasmic or nuclear extracts and centrifuged at 35,000 rpm at 4°C for 20 h in a Beckman SW55 rotor. Gradients were fractionated by puncturing the bottom of the tube and collecting 12 fractions. The density was calculated by weighing 100 l of each fraction.
Sedimentation velocity gradients. Continuous gradients were poured as described above, using 5 and 20% sucrose solutions in 50 mM sodium phosphate buffer (pH 7.4) containing 2 mM DTT, 20 g of aprotinin/ml, and 2 g of leupeptin/ml. Approximately 150 l of the equilibrium density fraction containing the peak of the viral DNA was diluted with 1.2 ml of hypotonic buffer, loaded onto a Centricon 50 concentrator (Amicon), and centrifuged at 4,000 ϫ g for 30 min at 4°C in a Sorvall centrifuge. The concentrate (50 l) was resuspended in 300 l of 50 mM sodium phosphate buffer, loaded on a 5 to 20% continuous sucrose gradient, and centrifuged at 23,000 rpm for 1 h at 4°C in a Beckman SW55 rotor. Fractions (0.4 ml each) were collected by puncturing the bottom of the tube, and the density was measured by weighing 100 l of each fraction. In some instances, viral DNA in fractions was precipitated by adding 1.5 g of glycogen, sodium acetate to a final concentration of 300 mM, and 2.5 volumes of 100% ethanol. The S value was calculated by the method of McEwen (22) . Calibration of the system was performed by independently running 35 S-labeled poliovirus, intact MoMLV, and naked viral DNA through identical sucrose gradients.
PCR. PCR was performed in a final volume of 50 l containing 1ϫ PCR buffer, 100 M each deoxynucleoside triphosphate (dNTP), 2.5 mM MgCl 2 , 5 U of Taq polymerase (Perkin-Elmer), and 30 picomol of each primer. Primer sequences were as follows (nucleotide positions according to Muesing et al. [24] are given in parentheses): strong-stop forward primer, 5Ј-GGCTAACTAGGG AACCCACTG-3Ј (505 to 525); strong-stop reverse complementary primer, 5Ј-CTGCTAGAGATTTTCCACACTGAC-3Ј (630 to 653); Pol forward primer, 5Ј-TTCTTCAGAGCAGACCAG-3Ј (2151 to 2168); Pol reverse complementary primer, 5Ј-ACTTTTGGGCCATCCATT-3Ј (2656 to 2639); positive-strand forward primer, 5Ј-ACAAGCTAGTACCAGTTGAGCCAGATAAG-3Ј (158 to 186); and positive-strand reverse complementary primer, 5Ј-GCCGTGCGCGC TTCAGCAAGC-3Ј (730 to 709). Aliguots of 5 l of the equilibrium density fractions or 1.5 l of the sedimentation velocity fractions were used as template for the PCR. Cycle parameters were 94°C for 3 min (first cycle), 94°C for 1 min, 55°C for 30 s, and 68°C for 1 min (35 to 45 cycles), and one final extension cycle at 68°C for 10 min. PCR products were resolved on a 1% agarose-2% NuSieve gel and visualized by ethidium bromide staining. Quantitative PCR was performed in duplicate in the conditions described above, using twofold serial dilutions of the DNA template and HIV plasmid pHR' (from 1 pg to 1.9 fg).
After 30 cycles, PCR bands were quantified by the Kodak Digital Science 1D image analysis software, and the linear region of the reaction was then selected to calculate RTC copy number, assuming that 1 fg of a 7-kb plasmid DNA corresponds to 1.3 ϫ 10 2 molecules.
Antibodies and Western blotting. Human antiserum against HIV-1 was a gift from Johnson Mak, McFarlane Burnet Centre for Medical Research, Melbourne, Victoria, Australia; a monoclonal antibody against p24 (ABT 14001) was purchased from American Biotechnologies Inc; monoclonal antibody 11G10E6 against HIV RT was a gift from D. Helland, University of Bergen, Bergen, Norway (29); monoclonal antibody 9C5 against HIV-1 matrix was a gift from Bridget Ferns, University College London, London, United Kingdom (8) . Antiserum to HIV-1 Vpr (1-46; from Jeffrey Kopp) was obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institutes of Health. Recombinant HIV-1 p17 MA and p24 CA (from S. Adams and G. Reid, respectively) were obtained from the Centralised Facility for AIDS Reagent supported by European Union program EVA (contract QLK2-CT-1 999-00609) and the UK Medical Research Council. For Western blot analyses, 300 l of each fraction from the density equilibrium gradients was diluted in 1.2 ml of ice-cold 50 mM sodium phosphate buffer (pH 7.4) in the presence of 2 g of bovine serum albumin (Sigma) per ml and 10% (vol/vol) trichloroacetic acid. Fractions were incubated at Ϫ20°C for 16 h and centrifuged for 30 min at 4°C at maximum speed in an Eppendorf Microfuge. Pellets were washed once in a solution of ice-cold 80% acetone in distilled H 2 O and resuspended in 20 l of sodium dodecyl sulfate (SDS) loading buffer (0.5 M Tris HCl [pH 6.8], 1% SDS, 10% glycerol, 0.1% bromophenol blue, 1 mM EDTA, 10 mM DTT, 20 g of aprotinin/ml 2 g of leupeptin hemisulfate/ml, 10 g of phenylmethylsulfonyl fluoride). The pH was adjusted to ϳ 7.0 by addition of 1 l of 1.5 M Tris-HCl (pH 8.8). Samples were boiled for 5 min and loaded on an SDS-12.5% polyacrylamide gel. After polyacrylamide gel electrophoresis (PAGE), the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, Calif.) and probed with the primary antibodies for 1 h at room temperature. Horseradish Peroxidase-conjugated secondary antibodies were used diluted 1:10,000 (anti-human; Boehringer) 1:3,000 (anti-mouse; Promega), and 1:10,000 (anti-rabbit; Jackson) in 10% nonfat milk (Nestle, Solon, Ohio). Enhanced chemiluminescence (ECL-Plus; Amersham) was used to develop the blots as described by the manufacturer. Autoradiography films were exposed for different periods of time to ensure linearity of the signal.
Assays for reverse transcription. RT activity was tested with the oligo(dT)poly(rA) assay as previously described (14, 31) . Briefly, 10 l of samples was added to 40 l of RT cocktail {60 mM Tris-HCl (pH 8.0), 180 mM KCl, 6 mM MgCl 2 , 6 mM DTT, 0.12% Triton X-100, 6 g of oligo(dT)/ml, 12 g of poly(rA)/ml, 0.05 mM [␣-P 32 ]dTTP (800 Ci/mmol)} for 1 h at 37°C. Samples were spotted onto DE-81 paper and washed three times with 2ϫ SSC (0.3 M NaCl plus 0.03 M sodium citrate). A PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) was used to quantitate the radioactivity incorporated. Endogenous reverse transcription reactions were carried out in 60 l of buffer (100 mM Tris-HCl [pH 8.1], 15 mM NaCl, 6 mM MgCl 2 , 1 mM DTT, 2 mM each dNTP). Fifteen microliters from the density equilibrium fractions was added to the buffer and incubated for 4 to 6 h at 37°C. The products of reverse transcription were detected by PCR using 5 l of the endogenous reaction as template.
Nuclease treatments All nuclease treatments were performed in 25 l isotonic buffer containing 1 mM DTT, 20 g each of aprotinin and leupeptin hemisulfate per 15 ml, U of S7 micrococcal nuclease (Boehringer), and 2 mM CaCl 2 . Five microliters from the equilibrium density fractions containing the peak of retroviral DNA was added to the nuclease mixture, and samples were incubated on ice. The reaction was stopped by addition of 4 mM EGTA and kept on ice. Two aliquots of 5 l each from the same reaction were analyzed by semiquantitative PCR with strong-stop and positive-strand primers. The nuclease sensitivity of the intact RTCs was compared with that of naked viral DNA. Control digests of naked viral DNA were carried out in the presence of 5-l aliquots from equilibrium density fractions containing cytoplasmic extracts from uninfected HeLa cells and having the same density as the fractions containing the RTCs.
RESULTS
Extraction of the HIV-1 RTC from acutely infected cells.
Previous reports suggested that the RTC formed by HIV-1 pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) envelope can be extracted in mild conditions, in contrast to those formed by wild-type HIV, which can be extracted only in high-ionic-strength buffers (1) . To prepare HIV RTCs from acutely infected cells, we used a protocol developed for MoMLV, which allowed the isolation of functionally active RTCs (7) . HeLa cells were infected with a recombinant HIV-1 pseudotyped with VSV-G envelope (25) at a multiplicity of infection of 5. Infection was synchronized by preincubating the cells for 2 h at 4°C to allow for virus binding to the receptor. After culturing for various times, cells were trypsinized, washed, and lysed by hypotonic breakage of the cell membrane and Dounce homogenization (see Materials and Methods). The cell extracts were subjected to equilibrium density sedimentation, and fractions were analyzed by PCR and Western blotting. In cytoplasmic extracts, HIV-1 strong-stop DNA could be detected as a discrete peak at a density of 1.34 g/ml, similar to MoMLV strong-stop DNA (7) and consistent with the density of a nucleoprotein complex ( Fig. 1) . This density did not change significantly with time ( Fig. 1 and Table 1 ). In nuclear extracts, strong-stop DNA was detected also at lower densities though a peak was consistently present at 1.34 g/ml ( Fig. 1 and Table 1 ). This peak was present even after the nuclei were washed in buffer containing 0.5% NP-40 (not shown). The bulk of the p24 protein was detected by both a monoclonal antibody and patient antisera in a discrete peak having a density of 1.14 to 1.12 g/ml and were never found cosedimenting with the viral strong-stop DNA ( Fig. 2A ). Recombinant HIV p24 was used to test the sensitivity of the Western blotting, and quantitative PCR was used to quantitate the amount of RTC molecules present in the sample. The fraction showing the peak of viral DNA contained normally between 3 ϫ 10 7 to 5 ϫ 10 7 RTC molecules/ml (not shown). The limit of detection of p24 by Western blot was approximately 24 pg, corresponding to 6 ϫ 10 8 molecules (Fig. 2B) . Thus, our system was sensitive enough to detect 60 p24 molecules/RTC. This suggested that most CA proteins were lost from the complex after entry into the cell cytoplasm. The quantity of CA in this peak reached a maximum 4 h postinfection. Neither the strong-stop DNA or CA proteins were detected in equilibrium density gradients containing extracts from uninfected cells (not shown). Equilibrium density fractions were analyzed by Western blotting to detect the presence of MA, RT, and Vpr. The peak of MA was found to fractionate at a buoyant density of 1.14 g/ml at 4 and 16 h after acute infection, similar to that for CA ( Fig. 3A and C) . Small amounts of MA were found at a density of 1.26 g/ml 4 h after infection; however, MA cosedimenting with viral DNA was not detectable (Fig. 3A) . Recombinant p17 MA was used to test the sensitivity of the Western blotting. As few as 3.5 pg of p17 could be detected by Western blotting in the same conditions as used to detect p17 in density fractions (Fig. 3B ), corresponding to 1.2 ϫ 10 8 molecules. Thus, the sensitivity of the system allowed visualization of fewer than 15 molecules p17/RTC. RT was also found in the light fractions 4 h after acute infection (Fig. 3A) . A discrete peak of Vpr was found cosedimenting with the viral DNA at a density of approximately 1.34 g/ml 4 and 16 h after acute infection, suggesting that substantial levels of Vpr remained associated with the RTC (Fig. 3A and C) . Partially purified RTCs are able to synthesize DNA. To evaluate whether the fractions containing the strong-stop DNA also contained elongated reverse transcription products, aliquots from the same fractions were subjected to PCR using a forward primer located on the 5Ј long terminal repeat U5 region and a reverse primer located in the 5Ј untranslated region. These primers are specific for the viral positive-strand DNA, a late reverse transcription product. As shown in Fig. 4 , the positive-strand DNA could be detected 7 h after acute infection. Contamination of plasmid DNA carried over from transfection was excluded by PCR amplification of the Pol region in the same fractions. This region is missing in the vector plasmid but is present in the packaging plasmid used to prepare recombinant HIV (25) . To test whether the complexes were competent to carry out reverse transcription in vitro, we performed an endogenous reverse transcription assay on 10fold dilutions of the equilibrium density fractions containing the peak of the strong-stop DNA. Samples were incubated at 37°C in the presence or absence of dNTPs, and aliquots from the reactions were subjected to PCR using primers specific for the positive strand. As shown in Fig. 5 , following incubation at 37°C, complexes isolated 1, 4, and 7 h after acute infection were able to synthesize the positive-strand DNA, and addition of exogenous dNTPs increased the efficiency of the reaction. Thus, the complexes sedimenting at 1.34 g/ml are competent for DNA synthesis in vitro. Fractions containing CA and MA proteins but no viral DNA might have contained the viral RNA genome that could not be detected by standard PCR. Therefore an endogenous reverse transcription assay was performed on fractions from the density gradients containing the cytoplas-mic extracts collected 1 and 4 h after infection. Only small amounts of strong-stop DNA were detected in some of those fractions containing CA and MA that scored negative in previous assays (not shown). These results suggested that most of the complexes found at lower densities were poorly competent for reverse transcription.
Sedimentation velocity of the RTC during reverse transcription. To determine whether there were changes in the size or shape of the RTC with a buoyant density of 1.34 g/ml during reverse transcription, we subjected partially purified RTCs to velocity sedimentation through linear sucrose gradients. The equilibrium density fractions containing the peak of the viral DNA were dialyzed and concentrated using a Centricon filter. The concentrate was then analyzed by sedimentation velocity, and the position of the viral DNA in the gradients was detected by PCR. In the cytoplasmic extracts obtained 1 h after acute infection, a peak of viral DNA with a sedimentation velocity of FIG. 4 . PCR analyses of equilibrium density fractions containing cytoplasmic extracts collected 1, 4, and 7 h postinfection. Selected fractions from the equilibrium density gradients shown in Fig. 1 were subjected to PCR using primers specific for the Gag-Pol region (pol primers; expected band size is 500 bp) and for the positive (ϩ)-strand DNA (expected size is 600 bp). Fractions 2 and 3 (F2 and F3) are the same as in Fig. 1 . Serial dilutions of pCMV⌬R9 plasmid DNA were used as the internal standard for Pol PCR. Hirt DNA from uninfected cells was used as negative control (Ϫ). Plasmid pHR' and Hirt DNA from infected cells were used as internal controls for the (ϩ)-strand PCR. MW, DNA molecular weight standards. Low-molecular-weight bands are PCR artifacts.
FIG. 5. Endogenous reverse transcription assay of equilibrium density fractions containing the peak of the viral DNA from cytoplasmic extracts collected 1, 4, and 7 h postinfection. Samples diluted 1:10 were incubated for 6 h at 37°C in the presence (ϩ) or absence (Ϫ) exogenous dNTPs and then subjected to PCR with primers specific for the (ϩ)-strand DNA (expected band size is 600 bp).
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REVERSE TRANSCRIPTION COMPLEXES OF HIV-1 560S was found. At later time points, strong-stop DNA was found in many fractions although we consistently detected discrete peaks of viral DNA having sedimentation velocities of 220S and 80S to 100S ( Fig. 6 and Table 2 ); the former species were often more abundant than the latter. In the nuclear extracts, viral DNA was found only in fractions with a sedimentation velocity of approximately 80S ( Fig. 6 and Table 2 ). These results suggest that protein-DNA complexes with a range of sizes and/or shapes are found in the cytoplasm at different times during reverse transcription. Such a range of properties appears much less pronounced in the nuclear-associated complexes. Sensitivity of the strong-stop DNA to micrococcal nuclease. To evaluate the accessibility of the HIV DNA ends within the RTC, we assayed the sensitivity to micrococcal nuclease of the viral strong-stop DNA at various time points after acute infection. The equilibrium density fractions from cytoplasmic extracts containing the peak of the viral DNA were treated with micrococcal nuclease, and the reaction was stopped at the time point indicated in Fig. 7 by addition of EGTA. Nucleasetreated samples were then analyzed by PCR with primers specific for the strong-stop DNA. When naked viral DNA was treated with micrococcal nuclease, the strong-stop DNA appeared to be very sensitive to nuclease digestion. Strong-stop DNA was very sensitive to nuclease digestion in the RTC prepared 1 h after acute infection. To compare HIV and MoMLV, 1-h fractions containing the peak of MoMLV or HIV DNA were mixed 1:1, subjected to nuclease digestion, FIG. 6. Analysis of RTCs by sedimentation velocity. Cytoplasmic extracts collected 1, 4, 7, and 16 h postinfection and nuclear extracts collected 7 h postinfection were subjected to equilibrium density centrifugation. The fractions containing the peak of the retroviral DNA were further purified, concentrated using a Centricon filter, and centrifuged through a 5 to 20% linear sucrose gradient for 1 h at 23,000 rpm in a Beckman SW55 rotor. Twelve fractions were collected, and the viral DNA in each fraction was detected by PCR using primers specific for the strong-stop DNA (expected band size is 145 bp). The rapidly migrating bands are PCR artifacts. The arrow indicates the direction of the gradient. nucl, nuclear. and analyzed by PCR as described above. While MoMLV strong stop was protected from nuclease digestion, HIV strong stop was not (Fig. 7B) . The sensitivity to micrococcal nuclease appeared to decrease in HIV RTCs isolated at later time points (Fig. 7A ).
DISCUSSION
In this study, we have analyzed the RTC of HIV-1 extracted from cells at times ranging from shortly after viral penetration to completion of reverse transcription. Analyses of the cytoplasmic extracts indicated that the newly synthesized viral DNA sedimented at a density of 1.34 g/ml, similar to that seen for MoMLV (7) . In nuclear extracts, viral DNA was found also at lower densities. This is consistent with the possibility that some RTCs remained associated with the nuclear membrane since we did not use detergents to prepare nuclear extracts. In contrast to MoMLV RTC, no p24 CA proteins were found cosedimenting at high density with HIV-1 DNA. CA proteins were instead found in fractions having a buoyant density of approximately 1.14 g/ml. Thus, it is likely that most CA proteins dissociate from HIV RTC very early after infection, although we would have failed to detect any CA if fewer than 60 p24 molecules/RTC were present. Previous electron microscopic studies also indicated that the HIV core is disrupted in the process of virus internalization, while MoMLV cores persist longer inside the infected cells (15, 27) . Most RT molecules were also found in the low-density fractions, dissociated from the viral DNA. However, some RT must have been retained within the RTC since complexes isolated 1, 4, and 7 h after acute infection were competent for DNA synthesis in vitro. It would be interesting to understand how small amounts of RT are retained within the RTC. MA was found cosedimenting with CA in the same low-density fractions. Previous studies showed that a subset of phosphorylated MA remains associated with the viral DNA in the preintegration complex (PIC) (2, 3, 4, 12) . Our inability to detect MA in the high-density fractions may be due to insufficient sensitivity of the system, although we could detect as few as 15 molecules of p17/RTC (corresponding to about 1% of the MA content of an intact virion), or to the inability of the monoclonal antibody to recognize phosphorylated MA. Vpr was found cosedimenting with the viral DNA, suggesting that it was part of the RTC. This is consistent with reports showing the presence of Vpr in the PIC (12, 16, 26) .
RTCs with a buoyant density of 1.34 g/ml were competent for reverse transcription, as indicated by the presence of the (ϩ)-strand DNA in complexes isolated 7 h after acute infection and by their ability to synthesize DNA in vitro. Only small amounts of strong-stop DNA were found in fractions with a density of 1.14 g/ml subjected to an endogenous reverse transcription reaction. Those fractions contained both p24 and MA proteins. The ratio of CA to strong-stop DNA was high in the FIG. 7 . Sensitivity of the viral strong-stop DNA within the RTC to micrococcal nuclease digestion. (A) Equilibrium density fractions containing the peak of the viral DNA from the cytoplasmic extracts collected 1, 4, and 7 h postinfection were incubated on ice in the presence of micrococcal nuclease and 2 mM CaCl 2 . The reactions were stopped by addition of 4 mM EGTA at the indicated time points and analyzed by PCR using primers specific for the strong-stop DNA (expected band size is 145 bp). Naked viral DNA was incubated as above in the presence of micrococcal nuclease and cytoplasmic extracts from uninfected cells (Hirt HIV). (B) Equilibrium density fractions containing the peak of HIV-1 and MoMLV DNAs were mixed 1:1 and subjected to micrococcal nuclease digestion as above. The reaction was analyzed by PCR using primers specific for HIV or MoMLV strong stop. To ensure the linearity of amplification, the samples were subjected to two independent amplification rounds, one of 30 and one of 40 cycles. low-density fractions containing cytoplasmic extracts isolated 1 and 4 h after infection (not shown), indicating that low-density complexes were poorly competent for reverse transcription in vitro. Such complexes did not synthesize strong-stop DNA in vivo 4 h after acute infection and are likely to be dead-end products.
RTC species with a density of 1.34 g/ml appeared to include a wide range of sizes and/or shapes. Complexes isolated 1 h after infection had a sedimentation velocity of 560S, similar to that of early MoMLV RTCs (7) . At later stages, complexes with a sedimentation velocity ranging from 350S to between 80S and 100S were observed. Such complexes are slower sedimenting and presumably smaller than MoMLV RTCs isolated at the same time after acute infection, perhaps because no p24 CA remained associated with the HIV RTC. Nuclear-associated RTCs had a sedimentation velocity of approximately 80S, similar to the slow-sedimenting peak observed in cytoplasmic extracts. HIV PICs can be transported actively into the nucleus of nondividing cells, as opposed to MoMLV PICs (2, 21, 28) . The smaller size of the cytoplasmic HIV RTC may also play a role in its transport into the nucleus of infected cells.
Another difference between HIV and MoMLV RTCs is the sensitivity of the DNA ends to micrococcal nuclease digestion. While the strong-stop DNA within MoMLV RTC isolated 1, 4, and 7 h after infection is almost completely resistant to nuclease digestion (7) , HIV strong-stop DNA is as sensitive as naked DNA in early RTCs and its sensitivity appears to decrease with time. After completion of DNA synthesis, the DNA ends appear to form a large nucleoprotein complex called the intasome (33, 34) . Our data suggest that the intasome may take longer to organize in HIV than in MoMLV.
It should be noted that in this study we used a recombinant HIV-1 pseudotyped with VSV-G. The mechanisms of recombinant virus entry into cells are therefore different from those for the wild-type virus, mediated by gp120 and CD4 coreceptor interaction. In agreement with previous studies, HIV RTC pseudotyped with VSV-G could be extracted in the absence of detergents (1), thus allowing study of its structure and protein composition in more physiological conditions. In future studies, it will be interesting to investigate which one of the different RTC species described here is competent for nuclear entry and integration.
